The complete sequence of the mitochondrial (mt) genome of the assassin bug, Sirthenea flavipes (Stål), was determined. The circular genome is 15, 961 bp long and contains a standard gene complement, i.e., the large and small ribosomal RNA (rRNA) subunits, 22 transfer RNA (tRNA) genes, 13 protein-coding genes (PCGs), and the 1, 295 bp control region. The nucleotide composition of S. flavipes mt genome is 71.8% AT-rich, reflected in the predominance of AT-rich codons in PCGs. Compared with the other three reduviid species available in complete mt genomes, the genome architecture as well as the nucleotide composition, codon usage, and amino acid composition reflected high similarity. All PCGs use standard initiation codons (ATN); however, ND4L and ND1 started with GTG. Canonical TAA and TAG termination codons are found in nine PCGs, the remaining four (COIII, ND3, ND5, and ND1) have incomplete termination codons. All tRNAs have the typical clover-leaf structure, except the dihydrouridine (DHU) arm of tRNA Ser (AGN) forms a simple loop as seen in many other metazoans. Secondary structure models of the ribosomal RNA genes of S. flavipes are presented and are similar to those proposed for other insects. The structure of rrnL is more conservative than that of rrnS among sequenced assassin bugs. The monophyly of Reduviidae is highly supported by Bayesian inferences, and the Peiratinae presents a sister position to the Triatominae+ (Salyavatinae + Harpactorinae).
Introduction
Mitochondria are involved in most of the chemical reactions in cellular respiration. They are the center of the cell power. The mitochondria are proposed to have originated from eubacteria ancestors undergoing endosymbiosis (Kita & Takamiya 2002) . During the last ten years, insect mt genomes have been extensively sequenced and studied as a result of the improvements of genomic technologies and the interest in mt genome organization and evolution (Boore 2006) .
As most metazoans, the hexapod mt genome is a double-stranded circular molecule of 14-19 kb in size ( Lewis et al. 1995; Beckenbach & Joy 2009 ). The typical mt genome has a remarkably conserved set of 37 genes: 13 PCGs, two rRNA genes, and 22 tRNA genes (Wolstenholme 1992; Boore 1999) . Additionally, it contains at least one sequence of variable length known in insect mt genome as the control region, which contains initiation sites for transcription and replication (Clayton 1992) . Mt genome size variation is usually because of a variation in the number of intergene locations, the most common size variation occurring in the control region. Previous studies show that the control region varies from 70 bp in Ruspolia (Orthoptera) to 4, 599 bp in Drosophila (Diptera) (Garesse 1998; Zhou et al. 2007) . However, these differences in genome length have yet to be broadly used as effective phylogenetic markers. Gene content of insect mt genome is well conserved, but some exceptions have also been reported. For example, the screw-worm Chrysomya chloropyga, has an extra tRNA Ile (Junqueira et al. 2004 ) and several species of Hemiptera contain variable numbers of tRNA genes (Shao & Barker 2003; Thao et al. 2004) An accumulating body of evidence shows that analyses based on complete mitochondrial sequence data yield trees with good resolution from high-level groups down to closely related species (Avise et al. 1987) . Mitochondrial DNA has several properties that make it a valuable tool in studying population genetics, molecular evolution, and phylogenetic relationships. These include its relatively simple genetic structure, a straightforward form of transmission with no recombination (maternal inheritance), and rapid rate of change that is up to ten times faster than nuclear DNA substitutions (Nardi et al. 2003) . The complete mt genomes are increasingly used in phylogenetic studies. However, because of unbalanced taxa studies in mt genomes, the available data of insect mt genomes are relatively scarce compared to vertebrate taxa (Salvato et al. 2008) .
Reduviidae, commonly called assassin bugs, are important biocontrol agents in agriculture and medicine and they contain approximately 7000 species described worldwide (Maldonado 1990; Cassis & Gross 1995; Weirauch & Munro 2009 ). However, the mt genomes of reduviids are poorly studied and only three species have been sequenced: Triatoma dimidiata (Latreille) (Triatominae), Valentia hoffmanni China (Salyavatinae) and Agriosphodrus dohrni (Signoret) (Harpactorinae) represented three subfamilies of Reduviidae (Dotson & Beard 2001; Hua et al. 2008; Li et al. 2011) .
Peiratinae is a medium-sized subfamily of Reduviidae distributed in almost all zoogeographical regions. Thirty-three genera and about 350 valid species have been described (Cai & Taylor 2006) , but no information has been published on the complete mt genome in this subfamily. In this work, we complete the whole mt genome sequence of Sirthenea flavipes, which provides the first complete mt genome from a representative of the subfamily Peiratinae.
Material and methods
Specimen sampling and DNA isolation. Adult samples of S. flavipes were collected at Mengla, Yunnan Province, China, preserved in 95% ethanol in the field, and stored at -20°C after being transported to the laboratory for DNA extraction. Thoracic muscle was removed from the specimen, and DNA was extracted from it using a CTAB-based method (Aljanabi & Martinez 1997) . Voucher specimen (No. VHem-00102) was preserved in alcohol and was deposited at the Entomological Museum of China Agricultural University (Beijing).
PCR amplification, cloning, and sequencing. The genome was amplified in overlapping PCR fragments. Initially, ten fragments were amplified using the universal primers (Simon et al.2006) . At later stages in the sequencing effort, 12 perfectly matching primers designed from the obtained sequences were used in PCR and sequencing reactions (Table 1) .
Short PCR amplifications were carried out using Qiagen Taq DNA polymerase (Qiagen, Beijing, China) with the following cycling conditions: 5 min at 94°C, followed by 35 cycles of 50 sec at 94°C, 50 sec at 48-55°C, and 1-2 min at 72°C. The final elongation step was continued for 10 min at 72°C. Long PCR amplifications were performed using NEB Long Taq DNA polymerase (New England Biolabs) under the following cycling conditions: 30 sec at 95°C, followed by 45 cycles of 10 sec at 95°C, 50 sec at 48-55°C, and 3-6 min at 68°C. The final elongation was continued for 10 min at 68°C. These PCR products were analyzed by 1.0% agarose gel electrophoresis.
The fragments were ligated into pGEM-T Easy Vector (Promega) and the resultant plasmid DNA was isolated using the TIANprp Midi Plasmid Kit (Qiagen). All fragments were sequenced in both directions using the BigDye Terminator Sequencing Kit (Applied Bio Systems) and the ABI 3730XL Genetic Analyzer (PE Applied Biosystems, San Francisco, CA, USA) with two vector-specific primers and internal primers for primer walking.
Sequence analysis and inferences of secondary structures. Sequence reads from the mt genome of S. flavipes were assembled into contigs with BioEdit version 7.0.5.3 (Hall 1999) . PCGs and rRNA genes were identified by BLAST searches in GenBank, and then confirmed by alignment with homologous genes from other insects.
The tRNA genes were identified by tRNAscan-SE Search Server v.1.21 (Lowe & Eddy 1997) . The putative tRNA genes that could not be found by tRNAscan-SE were identified by sequence similarity comparison with tRNA genes of other hemipterans. Secondary structures of the small and large ribosomal RNAs were inferred using alignment to the models predicted for Apis mellifera (Gillespie et al. 2006) , Manduca sexta (Cameron & Whiting 2008) and A. dohrni (Li et al. 2011) . Stem-loops were named using the conventions of previous studies (Gillespie et al. 2006; Cameron & Whiting 2008; Li et al. 2011) . The base composition, codon usage, and nucleotide substitution were analyzed with Mega 4.0 (Tamura et al. 2007) . Strand asymmetry was calculated using the formulas: AT skew= (A−T)/ (A+T) and GC skew= (G−C)/ (G+C) (Perna & Kocher 1995) , for the strand encoding the majority of the PCGs.
Phylogenetic analysis. Four species from Reduviidae and four species from other heteropteran families were included in our phylogenetic analysis ( Table 2 ). The mt genomes of Saldula arsenjevi Vinokurov, Leptopus sp., Hydrometra sp., and Gerris sp. were used as outgroups (Hua et al. 2008 (Hua et al. , 2009 ). Sequences of 13 PCGs, 22tRNAs and two rRNAs were used in phylogenetic analysis to understand the relationships among the four reduviid subfamilies. Alignment of the nucleotide sequences of each PCGs and its putative amino acid sequence was with Mega version 4.0 (Tamura et al. 2007) , adjusted to preserve the reading frame. Sequences of each rRNA gene were aligned with the Mega version 4.0 (Tamura et al. 2007 ), adjusted to its RNA secondary structure. The alignments of individual genes were concatenated after removing poorly aligned sites TABLE 2. General informatics of the taxa used in this study. The four reduviid mitochondrial genome sequences represent four reduviid subfamilies within the Reduviidae: S. flavipes for the Peiratinae, A. dohrni for the Harpactorinae, V. hoffmanni for the Salyavatinae and T. dimidiata for the Triatominae.
The best-fit model for the nucleotide sequence alignment was determined with jModelTest 0.1.1 (Posada 2008) , according to the Akaike Information Criterion (AIC). Partitioned maximum likelihood (ML) and Bayesian inference (BI) analyses were run with this matrix, using PhyML 3.0 webserver (Guindon & Gascuel 2003) and MrBayes Version 3.1.1 (Huelsenbeck & Ronquist 2001) .
For BI analysis, the most appropriate substitution model was GTR+I+G model. The analysis was run for six million generations with four chains and trees were sampled every 1,000 generations, with the first 25% discarded as burn-in. For ML analyses, we implemented the GTR+I+G on the estimated proportion of invariable sites and gamma shape parameter using six substitution rate categories and the node support values were assessed by bootstrap re-sampling calculated using 100 replicates.
Results and discussion
Genome organization. The complete mt genome of S. flavipes is 15, 961 bp in length (GenBank accession no. HQ645959; Fig. 1 ), and is well within the ranges observed in the insect mt genomes. This mt genome contains 22 tRNA genes, 13 PCGs, two rRNA genes, and a control region similar to most other insects (Table 3 ). The gene order is the same as Drosophila melanogaster Meigen (Lewis et al. 1995) , which is considered as the typical arrangement of the mt genes (Boore 1999) . It is identical to the other sequenced reduviid genomes, T. dimidiata (Dotson & Beard 2001) , V. hoffmanni (Hua et al. 2008) and A. dohrni (Li et al. 2011) . Genes were divided into two groups, according to the strand on which they are typically encoded in the mt genome. In the first group, there are 23 genes transcribed on the majority-coding strand (J-strand); the remaining 14 genes in the second group are encoded on the minority-coding strand (N-strand). The arrangement and orientation of mt genes of S. flavipes is identical to other three sequenced reduviids and should be conservative in the family Reduviidae. PCGs are shown as blue arrows, rRNA genes as purple arrows, tRNA genes as red arrows and large non-coding regions (>100 bp) as cyan rectangles. tRNA genes are labeled according to single-letter IUPAC-IUB abbreviations (L1: UUR; L2:CUN; S1:AGN; S2:UCN). The GC content is plotted using a black sliding window, as the deviation from the average GC content of the entire sequence. GC Skew is plotted as the deviation from the average GC skew of the entire sequence. Ticks in the inner cycle indicate the sequence length.
Protein-coding genes.
Most open reading frames of PCGs in S. flavipes start with a typical ATN codon (three with ATT, three with ATA, and five with ATG), except for ND4L and ND1. Because of the absence of such typical start codons near the beginning of ND4L and ND1, the initiation codons of the two genes were determined to be GTG.
The usage of start codons is similar among the four sequenced assassin bugs: six PCGs (COI, ATP6, COIII, ND3, ND4, and CytB) have the same Met start codons (ATG or ATA) and the other seven PCGs use Met or Ile as start codon (ATT, ATC, ATG, and ATA). GTG as the initiator appears in three different genes in the four species, ND5 for T. dimidiata, ND4L for S. flavipes, and ND1 for S. flavipes, V. hoffmanni, and A. dohrni (Table 4) .
TABLE 4. The start and stop codons of S. flavipes (S.), A. dohrni (A.), T. dimidiata (T.) and V. hoffmanni (V.).
Although initial observations suggested that all the coding sequences ended with the stop codons TAA or TAG, the prevailing theory is that if coding sequences terminate within the 5' end of tRNA sequences, then the 5' end of the tRNA serves as the termination signal (Clary & Wolstenholme 1985; Beard et al. 1993) . Four incomplete stop codons were found in ND1, ND3, ND5, and COIII in S. flavipes (Table 4) . These genes do not encode their stop codons in their DNA sequence, but evidently make use of single T nucleotides that directly abut the neighboring tRNA genes. It is assumed that these stop codons are completed post-transcriptionally by the polyadenylation of mature mRNA (Ojala et al. 1981) . The presence of incomplete stop codons is a feature shared with all reduviid mt genomes sequenced to date and more, in general, with many arthropod mt genomes (Boore 1999) .
Transfer RNAs. Twenty-one of the 22 tRNAs were determined using tRNAScan-SE in S. flavipes (Lowe & Eddy 1997) , and tRNA Ser(AGN) was determined through comparison with previously published reduviid mt genomes (Dotson & Beard 2001; Hua et al. 2008; Li et al. 2011) . Secondary structures of all 22 tRNAs were predicated and drawn (Fig. 2) . All tRNAs of S. flavipes have the typical clover-leaf structure, except the dihydrouridine (DHU) arm of tRNA Ser(AGN) forms a simple loop as in T. dimidiata, V. hoffmanni, A. dohrni, and most other heteropterans (Hua et al. 2008 (Hua et al. , 2009 Li et al. 2011 Li et al. , 2012 Shi et al. 2012) . The anticodon (AC) stems of tRNA Ser(AGN) of four assassin bugs are the same, with a long optimal base pairing (9 bp in contrast to the normal 5 bp).
The length of S. flavipes tRNAs ranges from 62 to 70 bp, similar to the other three assassin bugs. Compared analyses among four reduviids show that the length of aminoacyl (AA) stem (7 bp), the AC loop (7 nucleotides), and the AC stem (5 bp) is invariable and most variations appear in the DHU and T arms. The anticodon sequences for each tRNA are also identical among all sequenced assassin bugs.
A total of 27 unmatched base pairs were identified in the stems of 14 different tRNAs. Twenty-four of the 27 mismatches were noncanonical matches of G-U base pairs, which form a weak bond, whereas the other three were U-U, U-C, and A-A mismatches. Mismatches are located mostly in the acceptor, DHU and anticodon stems with two exception represented by tRNA Pro and tRNA Ser(AGN) which exhibit the mismatches on the TΨC stem. Mismatches observed in tRNAs are corrected through RNA-editing mechanisms that are well known for arthropod mitochondrial genome (Lavrov et al. 2000) .
Ribosomal RNAs. The putative lengths of the S. flavipes rrnL and rrnS are 1, 263 bp between tRNA Leu(CUN) and tRNA Val and 775 bp between tRNA Val and the control region, respectively. RNA molecules form a structure of helical regions interspersed with single stranded areas. This structure is important in the function of these molecules and can be helpful to fine-tune the alignment of sequences for phylogenetic studies (Rijk & Wachter 1997) . In this study, analysis performed on rrnL and rrnS of S. flavipes showed that these genes are capable of folding into structures similar to the secondary structure models proposed for these genes from other insects (Cannone et al. 2002; Gillespie et al. 2006; Cameron & Whiting 2008; McMahon et al. 2009 The secondary structure of rrnL supports a six-domain model and has 45 helices, but domain III is absent in arthropods (Fig. 3) (Gillespie et al. 2006) . Domains II and V are the most variable parts of the rrnL; however, domain IV is highly conserved. Generally, rrnL is more conserved, compared with rrnS. The secondary structure of S. flavipes rrnS consists of three structural domains and 27 helices (Fig. 4) . In terms of sequence and structure, domains I and II are variable regions, whereas domain III is highly conserved in the rrnS of S. flavipes. H47 is variable among different assassin bugs, whereas the terminal portion of this stem in S. flavipes has a correspondingly large loop. The regions of H1068, H1074, and H1113 may yield multiple possible secondary structures. H1047 has a long base deletion in V. hoffmanni relative to other reduviid species (Hua et al. 2008) .
Non-coding region. The S. flavipes mt genome contains a total of 89 bp short intergenic spacer sequences and these are spread over 6 regions ranging from 1 bp to 42 bp in length. Most intergenic spacer sequences are scatted in short runs (1-5 bp). However, two of these non-coding sequences are longer in length and are located: 1) between tRNA Gln and tRNA Met (33 bp); and 2) between tRNA Ser(UCN) and ND1 (42 bp). The spacer 2 in all four species has longer non-coding regions and higher A-T content (76-87%) compared to other spacers. In S. flavipes no repeat unit was found compared to T. dimidiata and A. dohrni, and no exact motif was found.
As the largest non-coding region in S. flavipes, the 1, 295 bp control region known for the initiation of replication is located between the rrnS and tRNA
Ile
. The control region is also called A+T-rich region, because of its higher adenine and thymine bias (Stormo 1982; Dotson & Beard 2001) . However, the region contains less A+T content (70.2%) than the mt genome as a whole (71.8%).
In S. flavipes, the control region can be divided into six parts: (1) repeat region; (2) a region biased toward G+C (36.3%); (3) conserved sequence region including a string of 12Gs; (4) a region heavily biased toward A+T (80.2%); (5) repeat region; and (6) the remainder of the control region (Fig. 5) .
No large tandem repeats was found in S. flavipes compared to T. dimidiata, although the presence of varying copy numbers of tandem repeats is one of the characteristics of the insect control region (Wei et al. 2009 ). The first part following the small ribosomal gene is repeat region with two repeat units (Rpt I-II) (Fig. 5B) . The sequence of each tandem repeats is 46 bp long.
A conserved sequence region can be found through alignment of the control region sequences of four assassin bugs (Fig. 5A ), including a G element which has been reported in the triatomine bug Rhodnius prolixus and T. dimidiata (called Gs), and some dipterans (called G islands) (Oliveira et al. 2008) . Potential stem-and-loop structures can be found around this region and the following high A+T region. These may have functions in mt genome replication process. Nucleotide composition and codon usage. As other insect mtDNA sequences, the nucleotide composition of the entire S. flavipes mt genome is also biased toward A+T nucleotides. The A+T content is 71.8% for the whole genome, 71.3% for PCGs, 74.1% for tRNAs, 73.4% for rRNAs, and 70.2% for the control region (Table 5 ). The base composition of nucleotide sequences can be described by skewness (Perna & Kocher 1995) , which measures the relative number of As to Ts (AT skew= (A-T)/ (A+T)) and Gs to Cs (GC skew= (G-C)/ (G+C)). Skewness in all the four reduviid species is similar. A/C skew on the whole mitochondrial genome was observed. PCGs with almost equal G and C are T skew. rRNA genes are significant T/G skew, and tRNA genes are A/G skew.
Analysis of base composition at each codon position of the 13 concatenated PCGs of S. flavipes showed that the third codon position (81%) is higher in the A+T content than the first (67%) and second (66%) codon positions (Table 5) . Comparison with codons for A or T in the third position which were strongly overrepresented, the occurrence of G or C at the third codon positions corresponded to only 19% of the total 3, 699 codons analyzed. Particularly, there was a slight bias against G nucleotides represented by only 299 occurrences (8%) in the third codon position. As shown in some metazoan mt genomes, it was suggested that there was a mutational tendency against G in the third codon positions Lessinger et al. 2000) . The relative synonymous codon usage (RSCU) reflects the influence of a strong biased codon usage (Sharp & Li 1986 ). And the wide base compositional biases of the genome for AT was well reflected in the codon usage. The codon families exhibit a very similar behavior among the four assassin bugs. The AT rich codons are favored over synonymous codons with lower AT content, which can be proved by RSCU results. This point is well exemplified by the Leu family where the TTA codon accounts for the large majority of codons in the family. Another five prevalent AT rich codons (TTT, ATT, ATA, TAT, and AAT) also contribute to the compositional biases for AT.
Phylogenetic relationships. Reduviid mt genomes, including that of S. flavipes, enabled us to construct the phylogenetic relationships among four reduviid subfamilies using the concatenated 37 genes including PCGs and PCGs and RNAs. The four reduviid mt genome sequences represent four reduviid subfamilies within the Reduviidae: S. flavipes for the Peiratinae, A. dohrni for the Harpactorinae, V. hoffmanni for the Salyavatinae, and T. dimidiata for the Triatominae (Table 2) .
In this study, phylogenetic analyses of these reduviid subfamilies resulted in a well supported monophyletic Reduviidae. Bayesian support value and bootstrap value are quite high for a clade that places the Triatominae as sister to Harpactorinae and Salyavatinae, and this group as sister to the Peiratinae (Fig. 6 ). This result does not support the traditional morphology-based classification (Weirauch 2008) . In that paper Harpactorinae is in a more basal clade, and Salyavatinae is the sister group to Peiratinae and Triatominae. Based on four genes, the relationship among these four subfamilies is Peiratinae + (Harpactorinae + (Salyavatinae + Triatominae)) (Weirauch & Munro 2009 ). The basal position of Peiratinae is supported by our analysis, but the relationship among Harpactorinae, Salyavatinae, and Triatominae remains to be studied in the future. The sampling across more taxonomic levels is very useful and important to gain detailed insights into this problem. 
